The perforant path (PP) undergoes synaptic changes in the course of aging and dementia. Previous studies attempting to assess the integrity of the PP in humans using diffusion tensor imaging (DTI) were limited by low resolution and the inability to identify PP fibers specifically. Here we present an application of DTI at ultrahigh submillimeter resolution that has allowed us to successfully identify diffusion signals unique to the PP and compare the intensity of these signals in a sample of young adults and older adults. We report direct evidence of age-related PP degradation in humans in vivo. We find no evidence of such loss in a control pathway, the alveus, suggesting that these findings are not evidence for a global decline. We also find no evidence for specific entorhinal gray matter atrophy. The extent of PP degradation correlated with performance on a word-list learning task sensitive to hippocampal deficits. We also show evidence for gray matter diffusion signals consistent with pyramidal dendrite orientation in the hippocampus and cerebral cortex. Ultrahigh-resolution microstructural DTI is a unique biomarker that can be used in combination with traditional structural and functional neuroimaging methods to enhance detection of Alzheimer disease in its earliest stages, test the effectiveness of new therapies, and monitor disease progression.
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aging | hippocampus | DTI | entorhinal | dentate T here is converging evidence that one of the earliest locations in the brain to undergo age-related change is the medial temporal lobe (MTL) region (1, 2) , which plays an important role in learning new facts and remembering events (3, 4) . Selective structural and functional changes in the MTL are evident with aging and specifically target white matter connectivity and cellular function (1) . One MTL pathway that is particularly vulnerable to age-related changes is the perforant path (PP) (5) (6) (7) . This pathway perforates the subiculum carrying input from the entorhinal cortex to the hippocampal formation ( Fig. 1 A and B) . The integrity of this pathway is essential for normal hippocampal function (8) . Studies in rodents have shown that the PP input to the hippocampus is reduced by approximately one third in aged rats compared with young rats (9, 10) and that stimulation of the PP in aged rats results in less excitation than in young rats (1) . Histological studies have observed reduced myelin staining in the PP in Alzheimer disease (AD) (8) , and more recently, synaptic loss in this region in individuals with mild cognitive impairment (11) . Thus, numerous studies have suggested that the PP undergoes changes with aging and in the course of dementia. However, observing evidence of this degradation in humans in vivo, a key requirement of any viable biomarker, has remained elusive.
Diffusion tensor imaging (DTI) is used to investigate the microstructural features of white matter (12) , and has recently been applied to the study of aging and dementia (13) . DTI is based on the principle that water will diffuse more readily along the principal axis of an axon than perpendicular to it. This anisotropy of diffusion is increased in regions of high axonal integrity, robust myelination, and tight packing and decreased in areas where white matter is not as organized (14, 15) . Few studies to date have attempted to investigate the PP in humans in vivo using DTI in patients with mild cognitive impairment (MCI) or AD. Two studies reported changes in the PP region in patients with MCI. One study reported reduced intervoxel coherence (i.e., the degree of similarity of adjacent voxel orientation) (16) , whereas another reported an increase in mean diffusivity (a measure of isotropic diffusion, which increases with tissue degradation) (17) . Decreased fractional anisotropy (FA; a measure of the anisotropy of diffusion) in parahippocampal white matter has also been shown in studies of patients with AD (18) . Across studies, quantification of small deviations in the direction of the diffusion signal at the resolution used was not possible. Further, as the parahippocampal region assessed also contains many other fibers (e.g., the angular bundle), it was difficult to assess whether any of these changes could be ascribed to the PP per se. To do so, one would need sufficiently high (i.e., submillimeter) resolution to assess the PP's integrity. However, increasing the resolution also decreases signal-tonoise ratio (SNR) dramatically.
Recently, advances in neuroimaging technology have been able to overcome this hurdle by using parallel imaging techniques, such as sensitivity encoding (SENSE) (19) (20) (21) , which significantly reduce acquisition time. For example, Jaermann and colleagues used high-resolution DTI to reveal terminal afferents in cortical gray matter (21) , which cannot be achieved using conventional DTI resolutions. Others have also shown that high-resolution DTI in the rodent can reveal microstructural details in hippocampal gray matter based on anisotropy (22) (23) (24) . However, no study to date has attempted to quantify specific pathways using high-resolution DTI in humans in vivo.
In the current work, we introduce an ultrahigh-resolution (664 μm × 664 μm in-plane) microstructural DTI (msDTI) protocol and analytic technique that is capable of picking up subtle intracortical diffusion signatures such as that of the PP. We further use this method to detect reductions in the PP's integrity with aging.
Results
We were able to visualize the PP using our submillimeter DTI protocol. The PP's diffusion signature was consistent with that identified by tracing studies in the primate (Fig. 1B) and anatomical atlases. Moreover, we observed a readily identifiable diffusion profile consistent with a white matter band penetrating the angular bundle, connecting the subiculum to the entorhinal cortex (Fig. 1D) . Although observing the PP alone is a necessary pre- condition, it is not sufficient for its use as a biomarker. In addition, we must be able to quantify its integrity.
We quantified the integrity of the PP using a simple metric (Eq. 1; Materials and Methods) that calculated the amount of diffusion in the canonical direction of the PP as it originates from the entorhinal cortex ( Fig. 1 B and C) (5-7). This was perpendicular to the entorhinal cortical sheet, which is decidedly flat in this region. We used this metric to create a simple one-dimensional plot of the pathway spanning the length of the entorhinal cortical sheet (Fig. 2) . This was done to capture the PP from its most medial aspect to its most lateral. We also used the same metric to construct 2D plots for visualization of the entire volume of the PP in the same location (Fig. 2D ). On these plots, the PP appeared as a "hot spot" that is several pixels wide. Each pixel was color-coded for the amount of diffusion along the direction specified in each individual based on the visualized anatomy in each slice. This signature was consistently identifiable across slices and across all participants.
When we compared the average plots of the PP in young and old participants to determine whether aging affected our metric of PP integrity, we found a significant group difference in the area under the curve (AUC) consistent with such a reduction (t = 2.53, P = 0.01; Fig. 3A ). To determine if this change was specific to the PP or evidence for more global changes with aging, we selected an a priori control region. The alvear pathway (a.k.a. the alveus) is a thin white matter band that extends into the fimbria/fornix output pathway. In the posterior portion of the hippocampus, this pathway consists principally of fibers that connect layer III entorhinal neurons directly to CA1 (25) . This temporoalvear pathway, to the best of our knowledge, is not thought to undergo many changes with aging and thus could serve as a control pathway (2) . Similar group comparisons (Fig. 3B) found no significant difference with age in AUC (t = 0.83, P = 0.49). This suggests that the PP aging effect is likely not driven by global changes in our metric or even changes in our metric tied to overall age-related hippocampal connectivity effects, but is specific to the PP itself. We also did not observe group differences in entorhinal cortical volume (t = 0.8197, P = 0.42; Fig. S1 ).
To better understand the functional implications of PP degradation in older adults, we investigated the relationship between PP diffusion signals and performance on a test of hippocampusdependent memory function. The Rey Auditory Verbal Learning Test (RAVLT) (26) is a test of word-list learning frequently used to assess memory function. Specifically, delayed free recall performance can be used to assess hippocampal function (27) . We found a significant correlation between performance on the RAVLT delayed recall scores and PP AUC in older adults (R 2 = 0.28, P = 0.01, Fig. 4 ). The same relationship was not found in young adults, and no relationships with any other neuropsychological measures were found in either group.
Discussion
In this study, we introduced an optimized high-resolution DTI acquisition method and analytical technique that is capable of detecting diffusion signals from the PP and is sensitive to agerelated changes in this region. We showed that the PP signal could be quantified by using prior knowledge of its orientation. We tested the validity of this approach in young and older adults, and found that the PP diffusion signal was significantly reduced with age. We also ascertained the specificity of this effect by testing the alveus as a control region. Past research suggests the alveus is not impaired in the course of aging [although there is evidence that it deteriorates in AD (28)]. In this region, we could not detect any significant group differences. We also did not detect any volumetric differences in the entorhinal cortex across groups, suggesting that this change in pathway integrity is not a direct consequence of primary changes in the entorhinal cortex (Fig. S1 ). Our findings are consistent with a large body of literature suggesting structural and functional changes in the PP with aging (1, 8-11) .
We found that the extent of PP degradation in older adults predicted their performance on a test of hippocampus-dependent memory function, the RAVLT. In particular, it predicted their performance on the delayed recall portion of the test, which is the portion most sensitive to hippocampal deficits (27) (Fig. 4) . This relationship suggests that our measures of the PP are a valid indicator of circuitry integrity in the hippocampus and are capturing real pathological changes that affect performance and that msDTI can potentially be used as a biomarker to isolate early preclinical dysfunction that may predict memory performance.
One important caveat is that we cannot directly infer the exact nature of the structural changes that lead to a reduced diffusion signal from diffusion imaging. Although it is well established that diffusion signals are sensitive to white matter integrity, the extent to which changes such as degeneration, gliosis, and demyelination contribute to DTI signal changes is unclear. It is likely that signal changes are the result of some combination of these; however, at this time, evidence for this is currently lacking. One important future direction is the rigorous comparison of these methods with rodent microimaging and postmortem investigations using histological techniques (e.g., neuron counts, myelin staining, synaptophysin immunoreactivity, intracellular and extracellular in vitro recordings) to better understand the microstructural features that lead to deviations in diffusion signals. It is also important to note that we make the explicit assumption, based on the neuroanatomical tracing studies, that the PP at the plane of assessment is a linear projection and that this does not change with age. For instance, if the PP were to become more convoluted with age, our quantification method would overestimate age-related reductions.
We used readily available acquisition parameters and a simple analytic technique to illustrate that high-resolution DTI in humans is feasible and provides important and valid structural information. It is important to note, however, that several methodological advances are possible. First, our DTI technique could only resolve a single fiber orientation per voxel as a result of limitations of the tensor model. Acquisition sequences, such as Q-ball imaging (29) , that allow for resolving multiple orientations per voxel can accommodate fiber crossing, bending, and twisting within voxels. Additionally, the use of probabilistic tractography techniques such as bedpostX (part of the FSL software suite) (30) may also afford us the ability to model crossing fibers. In the current study, we chose not to perform tractography analyses, as they involve a separate procedure that is independent of tensor solving and involves an additional set of assumptions (e.g., minimum anisotropy and maximum turn angle). Also, PP tractography would have been especially difficult given the low SNR in highresolution scans and the relatively small number of voxels that would contribute to its signal.
It is important to note that the analysis conducted would not have been possible without the use of directionally unique information. In other words, if we had simply used FA or any other directionless scalar value, as is typical in DTI studies, we would not be able to isolate the diffusion signature of the PP, as many other fiber bundles could contribute to this signal in the same region. In this study, we were sensitive to the PP's diffusion signal in the white matter before it perforates the subiculum because its signal was directionally unique and thus could be teased apart easily using tensor mathematics. This approach was not possible in the subiculum itself, however, because the PP's signal is along the same direction as the principal orientation of pyramidal dendrites and our images readily pick up gray matter anisotropy as well (Fig. S2) . Because the signal inside the subiculum is not uniquely associated with the PP, we chose not to use it for quantification and group comparison, although it is worth noting that the PP itself remained visible inside the subiculum in most if not all participants.
The methods used in this study can also be extended to study the detailed microstructure of hippocampal gray matter. Although we see evidence for gray matter diffusion signals in the hippocampus and cortical sheet that is consistent with the orientation of pyramidal cell projections (Fig. S2) , we did not quantify these signals in the current investigation. There is some evidence from rodent DTI studies that the best correlate of gray matter FA in the hippocampus is dendritic density (24) . Others have also shown that DTI can be used to investigate gray matter architecture by modeling the isotropic and anisotropic components of the diffusion tensor separately (31) . Our methods extend these investigations into the human and will hopefully translate into a powerful tool to further query gray matter microstructure.
An important potential application of the proposed technique is as an outcome measure for clinical or therapeutic trials, as well as a tool to gain a better understanding of mechanisms for brain plasticity. White matter connectivity is dynamic, as elegantly demonstrated by a recent study that observed training-induced white matter changes in FA (32) . Using high-resolution DTI, we can perhaps conduct these investigations at the level of specific pathways and gain a better understanding of the plasticityrelated changes.
In summary, we propose a msDTI method for investigating the PP in humans in vivo. We were able to provide direct evidence of reduced PP integrity in aged humans. Further, we showed that the PP changes detected were not secondary to global white matter changes, but rather indicate specific degradation in this region. The extent of PP degradation also predicted performance on a neuropsychological test of hippocampal function, suggesting that PP integrity is critical for intact hippocampal memory, consistent with previous work in the rodent. Further work will be needed to assess the relationship of this biomarker to other neuroimaging standards, such as structural MRI volumes and functional MRI activity. We hope that this tool can be used more generally to investigate thin white matter fibers or intracortical fibers, the study of which has been quite elusive in the past. The ability to conduct such fine-level structural investigations in humans in vivo should contribute to rapid progress in the neuroimaging of aging, dementia, and neurological disorders, as well as testing the efficacy of therapies and treatments.
Materials and Methods
Participants. Seventeen right-handed healthy young adults (six female; mean age, 21 y; SD, 3 y) and 19 right-handed healthy older adults (eight female; mean age, 70 y; SD, 6 y) participated in the study. Table 1 shows detailed demographic and neuropsychological test data for the study subjects. All participants underwent DTI scanning in this study. Written informed consent was obtained from all participants. They were screened for any health conditions that may interact with their neurological status, as well as contraindications for MRI scanning. Young adults were recruited from the University of California, Irvine, undergraduate student population. Older subjects were recruited by word-of-mouth and direct referral from a longitudinal study of "successful aging" at our local AD research center. Exclusion criteria included any major medical conditions (e.g., diabetes, heart disease), any neurologically active medication use, any history of mental or psychiatric disorder, as well as any MRI contraindications including any metal in the body and claustrophobia. All participants scored in the normal range on the Mini-Mental State Examination (33) . Participants were administered a large neuropsychological test battery (Table 1 and SI Materials and Methods), and all performed within age-matched norms.
Image Acquisition. Diffusion-weighted scans were acquired on a 3.0-T Intera system (Philips Medical Systems). We used a parallel imaging technique using SENSE (19) , and an eight-channel head coil to acquire 15-slice coronal single shot echoplanar imaging scans with a 256 × 256 matrix, a field of view of 170, voxel size of 0.664 mm × 0.664 mm in the plane of acquisition, a slice thickness of 3 mm (1 mm gap), a repetition time of 2,717 ms and an echo time of 67 ms, a flip angle of 90°, and a SENSE reduction factor of 2.5. Diffusion weighting was applied with a b value of 1,200 s/mm 2 along 32 independent, noncollinear orientations. One additional image with no diffusion weighting (b = 0) was also acquired. We collected 12 runs of 4.5 min and coregistered them to enhance SNR. In addition to the diffusion-weighted scans, we also collected an ultrahigh-resolution fast spin-echo scan centered on the MTL with identical geometry and resolution (field of view, 230; repetition time/echo time, 3,000/ 80 ms; flip angle, 90°). These scans were used because they provide detailed anatomical information inside hippocampal subfields.
Data Processing and Analysis. Diffusion-weighted images were corrected for head motion and eddy current distortions using FMRIB Diffusion Toolbox version 2.0 (34). Motion and distortion-corrected volumes were merged into a single volume, and tensor solving was accomplished by calculating the six elements at each pixel using multivariate linear fitting. After diagonalization, three eigenvalues and three eigenvectors were obtained. The eigenvector associated with the largest eigenvalue (i.e., principal eigenvector) was assumed to represent the average fiber orientation of the pixel leading then to the resultant FA maps (15, 35) . The resulting images included the three eigenvectors (V1, V2, V3) and eigenvalues (L1, L2, L3), as well as FA maps, mean diffusivity maps, and an average no-diffusion map (average of the b0 images).
PP Visualization and Quantification. We designed a toolbox in the MATLAB (version R2009a) programming environment (Mathworks) for the purpose of visualizing and quantifying the PP. First, the predicted location of the PP was identified on the high-resolution T2-weighted structural scans using the boundary between gray matter and white matter in the entorhinal cortex as a guide. It is important to note that the PP is a small white matter fiber pathway that is buried inside other white matter, rendering it invisible on structural MRI scans, even at this resolution. For each participant, we used the toolbox to simultaneously load and display the high-resolution T2-weighted scan, the eigenvectors/eigenvalues that contain tensor information, as well as the FA map. We selected three slices in each hemisphere in the anterior portion of the hippocampus where the PP was assessed. In each slice, we positioned a line perpendicular to the predicted orientation of the PP ( p ! ; Fig. 2 ). The line was drawn parallel and adjacent to the edge of the entorhinal cortex in the white matter between the entorhinal cortex and the subiculum. To quantify the PP signal, we needed a metric that could quantify how well this signal pointed along the canonical direction. This metric needed to account for (i) how well the tensor points along the canonical direction (i.e., angular componentprincipal eigenvector) (ii), the magnitude of the tensor (i.e., length component -principal eigenvalue), and (iii) the general directionality of the signal (i.e., FA). We calculated a simple metric, the PP projection (PPproj), that captured all of these criteria. PProj was calculated for every point in the line with the following formula:
Where p ! is the PP direction, V ! 1 the principal eigenvector, L 1 the principal eigenvalue and FA the fractional anisotropy.
This value is a reflection of how much of the tensor is pointing in the direction of the PP orientation, i.e., how anisotropic is that particular directional projection. The projection value is scaled by the eigenvalue and the FA, so it accounts for the direction, magnitude, and anisotropy of the tensor. This is a superior method to the use of FA alone, which is a directionless value, and could just as easily reflect anisotropy in other fibers contained in the angular bundle. It is important to note that, although there are many fibers in this region, the only fibers in the specified orientation are the PP fibers (Fig. 1B) , and thus the PProj directional diffusion signal will principally reflect the PP. The PPproj should start at a low value at the beginning of the line in the white matter that does not include PP fibers, should increase over the extent of a few pixels as PP fibers predominantly make up the pixels, and then decrease again after PP fibers disappear. This is consistent with anatomical retrograde tracer studies in the nonhuman primate (e.g., Fig. 1 B  and C) . On a one-dimensional plot, this line resembles a tent, as shown in Fig. 2 . To quantify this signal for each participant, we averaged the measurements from three slices (Fig. S3 ) from each hemisphere so that we get more stable quantification. For PP measurements, contiguous slices were selected based on the presence of a clear PP signal. This was consistently within 5 mm of the hippocampal head across all participants. For the alvear measurements, contiguous slices were selected based on the presence of a clear and linear alvear projection. This was consistently within 5 mm of the hippocampal tail's posterior edge across all participants.
We also used a simple fine-tuning procedure, which moved the line's control points 1 pixel in each direction and selected the best orientation (i.e., the one that yielded the best peak by fitting to a sliding tent function). To ensure that fine-tuning was unbiased and did not induce any spurious results, we also assessed a subset of participants (n = 18; nine young and nine old) without the fine-tuning step. Fig. S4 shows the raw data (without finetuning) and the fine-tuned data as well as the correspondence between the two (R 2 = 0.76). This can be used as an implicit lower bound on intrarater reliability, which will exceed the aforementioned correlation.
We calculated AUC for each participant using the trapezoid rule implemented in Prism 5b software (GraphPad) after setting each curve's baseline value to zero to account for global differences in signal amplitude across participants. We also calculated AUC without using this baseline normalization procedure, and found largely similar results (Fig. S4 shows plots that did not use this procedure).
In addition to the one-dimensional plot, we also created a 2D plot of this metric for every pixel within a small box around the hippocampus that includes the PP region. For each participant, on each slice, the PP signature was easily identifiable as a hot spot (i.e., "blob"). Samples from four different participants (two young and two old) are shown in Fig. 2 . Quantification of the alvear pathway proceeded in the exact same manner with the exception of the location in which the line was placed. In this case, the line was placed perpendicular to the dorsal hippocampus, directly bisecting the alveus, where it was most visible. Quantification was conducted on three slices in the posterior portion of the hippocampus (Fig. S3) , where the alveus consists mostly of entorhinal fibers that project to CA1. Although the alveus is a curved white-matter band, the dorsal portion extends linearly for approximately 7 to 8 mm (10-12 voxels) and thus this surface was used to assess its integrity. Once again, we averaged the measurements over all slices per hemisphere.
Volumetric Assessment. The entorhinal cortex was manually segmented bilaterally in individual subjects using a previously published protocol (36) . Total intracranial volume was calculated per subject using the Brain Extraction Tool (37) implemented in 3DSkullStrip (AFNI; National Institutes of Health). This value was used to normalize entorhinal cortical volumes to account for global differences in brain volume. Group comparison using independent-samples t tests was subsequently conducted on normalized entorhinal volumes.
